The formic acid oxidation reaction (FAOR) is a model electrocatalytic reaction involving multiple proton-coupled electron transfer steps. Despite of repeated research extending over more than fifty years, the FAOR is still an active research field in which several important questions including reaction mechanisms, the activity dependence on the electrode structure, the hysteresis between positive-and negative-going scan in cyclic voltammetry (CV), and, especially, the pH effect, remain elusive yet. To shed some light on these puzzles, we herein develop a microkinetic model for the FAOR at Pt(111) which uses a reaction mechanism supported by microscopic and mechanistic information from density functional theory calculations and spectroscopic characterizations, formulates the mechanism using fully microkinetic modeling without designating a rate-determining step, and incorporates double-layer effects by means of a mean-field description for the electrode-electrolyte interphase. Moreover, chemisorbed intermediates play multifaceted roles in this formulism: they are reactants with lateral interactions, site-blockers, as well as modifiers of the double-layer structure and properties. The model is parameterized using CV data of Pt(111) in perchlorate electrolyte with different pHs, revealing that HCOO m is the main active intermediate with HCOO − as the main precursor. CO ad on defect sites induces the voltage hysteresis through modifying surface charging relation (the main effect) and blocking adsorption sites (the minor effect). It is also found that the higher current density as the pH increases from 0.11 to 1.42 is the result of two opposing factors: higher concentration of HCOO − in bulk solution and stronger double layer effects that suppress HCOO m formation. The presented work demonstrates that consideration of double-layer effects and an integrated view of multifaceted roles of reaction intermediates are a sheer necessity for FAOR.
The formic acid oxidation reaction (FAOR), involving two electrons and two protons, is an important model reaction in electrocatalysis for studying proton-coupled electron transfer reactions. 1 Aside from its own interests and the significance for fundamental electrocatalysis (e.g., research on FAOR will be of great help for understanding the electrooxidation mechanism of small organic molecules, such as methanol. [2] [3] [4] ), the FAOR, as the anode reaction of direct formic acid fuel cells, also has important technical implications. 5 Platinum is a widely studied catalyst for the FAOR. There is growing consensus that the FAOR at Pt involves two reaction pathways: a direct pathway via an active intermediate, and an indirect pathway, in which an poisoning species is formed and then oxidized to CO 2 at high overpotential. 2, 6 Infrared spectroscopy studies have identified CO adsorbed on the electrode surface, denoted as CO ad , as the poisoning intermediate in the indirect pathway. [7] [8] [9] However, the active intermediate in the direct pathway has been under hot debate for decades. -CHO, -COOH, -COH and -HCOO have been proposed as the active intermediate. 2, 6 In 2002, armed with surface-enhanced infrared spectroscopy (SEIRAS), Osawa et al. detected bridge-bonded formate with two oxygen atoms adsorbed on the surface, denoted as HCOO b , at polycrystalline platinum electrodes. 10 The qualitative correlation between the coverage of HCOO b and the current density of cyclic voltammetry (CV) profiles leads to the conclusion that HCOO b is the active intermediate. [11] [12] [13] [14] [15] This point of view was later disproved by Chen et al. who viewed HCOO b , conversely, as site-blockers, and proposed a 'triple-pathways' mechanism, in which the direct oxidation of weakly adsorbed HCOOH is believed to be the dominant pathway. 16, 17 The voltage hysteresis between positive-and negative-going scan in CV measurements at polycrystalline Pt electrodes is attributed to the site-blocking effect of CO ad . 12, 15, 17 In the mechanisms mentioned above, formic acid molecule in solution is taken as the precursor of reactions. This point of view has been questioned by recent studies on pH effects. 18, 23, 24 Osawa et al. observed a volcano-shaped pH-activity diagram, with the maximum current obtained near the pK a , in FAOR experiments at a rotating Pt electrode in phosphate solutions with wide-ranging pHs (0-12). 18, 19 Assuming z E-mail: jhuangelectrochem@csu.edu.cn; jhuangelectrochem@qq.com HCOO − as the main precursor of the FAOR, they explained the higher oxidative current with increasing pH in the range of pH < pK a as a consequence of higher HCOO − concentration. Another interesting observation is that the coverage of HCOO b decreases with increasing pH and approaches nearly zero at pH = 6.8, while the oxidative current does not synchronize with the trend of HCOO b nor does the current cease to zero at pH = 6.8. This contradiction seemingly corroborates the idea that HCOO b is not the main active intermediate for the FAOR. 16, 17 Behm et al. also observed the volcano-shaped pH-activity dependence at a Cu electrode, proposing that [HCOOH − HCOO] − dimers as the precursor of active intermediate. 20 However, this mechanism is inconsistent with the observed plateau in the pH-activity diagram when 5 < pH < 10 at a Pt wire electrode in perchlorate solutions. 21 The complex surface structure sensitivity of the FAOR impels the transition from polycrystalline Pt electrodes to single crystal Pt electrodes for mechanistic investigations in this field. 22 Feliu et al. examined pH effects of the FAOR at a Pt(111) electrode in perchlorate solutions and found that the activity increases with increasing pH between 0.11 to 1.94. 23 Consistently, Chen and co-workers found that the pH-activity diagram of Pt(111) in sulfate solutions displays a volcano shape with a peak near the pKa. 24 Experiments on stepped Pt surfaces with (111) terraces have shown that the effect of poisoning species for the FAOR is diminished as the (111) terrace density decreases, implying that the poisoning effect at ideal Pt(111) is negligible. 22 However, in previous studies, the significant voltage hysteresis in CV profiles of Pt(111) is oft-ignored and only data in the negative scan are subjected to formal analysis. 23, 24 Although there is growing evidence supporting that HCOO b is not the active intermediate, the identity of the active intermediate is still elusive. This deficiency is in part due to the formidable challenge in detecting the active intermediate, with a very low coverage and/or short lifetime, by spectroscopy techniques. Under such circumstance, DFT computation serves as a powerful complementary tool in mechanistic understandings. DFT calculations of the FAOR at Pt(111) have shown that the activation barrier of HCOO b decomposition is as high as ∼1.1 eV, 25, 26 implying that HCOO b cannot be the active intermediate. On the contrary, the monodentate C-H down formate, denoted as HCOO m , has been suggested as the active intermediate in DFT studies. 27, 28 More than fifty years of research on this apparently simple reaction has generated considerable amount of fundamental understandings. However, several important questions including reaction mechanisms, the activity dependence on the surface atomic configuration, the pH effect, and the hysteresis between positive-and negative-going scan in CV measurements, linger to date. To answer these questions, theory and modeling are essential, but relevant efforts are incommensurate with the experimental side. A few exceptions include modeling the potential oscillations under galvanostatic condition based on the dual pathway (with HCOO b as the main active intermediate) 29 or the triple pathway (with HCOOH ad as the main active intermediate), 30 and modeling the volcano-shaped pH-activity relationship considering HCOO − as the active intermediate and HCOO b as the site-blocker. 18 A complete model for electrocatalytic reactions should include the double layer effects, also termed surface charge effects, 31 in that the reactant concentration and potential at the reaction plane are dictated by excess charges on the electrode surface, which are in turn modulated by chemisorbed intermediates involved in these reactions. [32] [33] [34] Such a framework has been recently developed for the oxygen reduction reaction (ORR), 33, 34 however, it is missing for the FAOR yet. This is the gap that this work intends to fill out. The rest of this article is organized as follows. In Model development section, we formulate the model framework. In Model parameterization section, we parameterize this model and analyze sensitivities of model parameters. In Results section, we determine the main pathway of the FAOR, examine surface charge effects, and decipher the origins of voltage hysteresis and pH effects. In the Discussion section, we present an overhaul of several prevailing views in fundamental electrocatalysis, including the rate determining term and the single main pathway approximation that are usually imposed for complex electrochemical reactions with multiple parallel paths, as well as the one-sided treatment of chemisorbed intermediates that practically play multifaceted roles. In addition, double-layer effects on the FAOR are expounded at greater length by varying the ionic strength. Conclusions section concludes this paper.
Model Development
In the presented model, the oxidation of formic acid at a Pt(111) electrode in HCOOH + HClO 4 /NaClO 4 solution at room temperature is considered. The Pt(111) electrode used in experiments unavoidably contains some defects, on which parasitic reactions may occur. 22 Herein, we take into account adsorption and oxidation of CO on defects, which will be shown to cause the voltage hysteresis between the positive-and negative-going scan in CV measurements. The potential of interest is between 0.2 V and 0.8 V (hereinafter, all potentials are referenced to the standard hydrogen electrode, SHE, unless otherwise noted). In this potential range, several reactions may occur successively or in parallel, including the formic acid oxidation reaction (the main reaction), and two parasitic reactions, namely, oxidation of CO adsorbed on defects and water oxidation.
The presented model unifies several key aspects of the reaction considered into a coherent picture, including the multistep nature, the competition between multiple parallel pathways and that between the main and parasitic reactions, the potential-and pH-dependent thermodynamics and kinetics of elementary reaction steps, the complex double-layer environment in which those reactions occur. Figure 1 illustrates the model framework and the interplay between different components of the model.
Firstly, we need to determine the reaction mechanism, including the detailed pathway with multiple elementary steps, and thermodynamic and kinetic parameters thereof. In so doing, DFT calculation is usually involved. However, due to energy errors, DFT results need modifications when applied to describe the real electrochemical system. 33, 35, 36 Secondly, given the reaction mechanism, microkinetic equations of elementary steps are formulated, which are correlated with each other through change rates of the surface coverage of chemisorbed intermediates. Thirdly, potential and species concentrations at the reaction plane are calculated from a mean-field double-layer model, in which chemisorption-induced surface dipoles are considered. 32, 37, 38 Chemisorbed intermediates play multifaceted roles in this picture. They are reactants with lateral interactions on one hand, and site-blockers on the other. There is an additional level of subtlety: chemisorbed intermediates modify the double layer, exerting non-trivial effects on the reaction condition. 32, 37, 38 Reaction mechanism.-The reaction mechanism is deduced from spectroscopic and computational information obtained on the same system. In so doing, following rules are adhered to. First, all reaction intermediates that have been detected by spectroscopic techniques are included in the mechanism. Second, there may have several parallel pathways forming the same intermediate. Third, no more than one electron is transferred in each elementary step.
Two adsorbed intermediates, CO ad and HCOO b have been detected on poly-Pt electrodes by infrared spectroscopy. 7,10 CO ad has been widely acknowledged as the poisoning intermediate, [7] [8] [9] and it is considered to be absent on ideally perfect Pt(111). 22 In addition, DFT studies reveal that the oxidation barrier of HCOO b is as high as ∼1.1eV, implying that HCOO b is unlikely to be the major active intermediate. 25, 26 It is then speculated that there must be other active intermediates which, due to its short lifetime and/or low coverage, have not been detected yet. Weakly adsorbed formic acid molecule HCOOH ad 16 and C-H down monodentate formate HCOO m 27,28 are proposed to be the third reaction intermediate. The direct oxidation of HCOOH ad is energetically unfavorable as it transfers multiple electrons in a single step. 39 Combined, we consider the following mechanism for the FAOR, involving two parallel pathways, that is, the HCOO b pathway, Here, HCOO b takes up two nearby free adsorption sites, while HCOO m only one. The precursors of HCOO b and HCOO m are still controversial. In this model, both the formic acid molecule and the formate ion in solution are considered. Since CO 2 reduction occurs at a much lower potential and CO 2 is easily exhausted in an open system, the reverse reactions of step 3 and step 6 are not considered. In addition to the main reaction, there are two parasitic reactions. One is water oxidation forming OH ad at high potentials,
OH ad will compete with the FAOR for free adsorption sites, leading to the current density drop seen at high potentials. As mentioned before, CO ad is considered to be absent on ideally perfect Pt(111). However, the actual Pt(111) is never perfect but possesses some defects, on which CO ad forms. 22 As a result, we also include the oxidation of CO ad in the positive-going scan,
Here, we neglect the reverse direction of step 8 due to its slow kinetics in the potential range of interest here.
Thermodynamics.-The Gibbs reaction energy G i and the activation energy G a,i of step i can be calculated using DFT, as demonstrated in Ref. 40 . It shall be noted that these energetic parameters depend on the state of the system. Throughout this paper, we indicate the equilibrium state by a superscript 'eq' and the standard state (298K, pH = 0, 1 bar pressure) by a superscript '0'. Model framework and the interplay between different components of the model. Firstly, results obtained from infrared spectroscopy and DFT calculations are used to determine the chemisorbed intermediates, and then to construct the reaction mechanism. Secondly, given the reaction mechanism, microkinetic equations of elementary steps are formulated, which are correlated with each other through change rates of the surface coverage of chemisorbed intermediates. Chemisorbed intermediates play multiple roles in this picture. They are reactants with lateral interactions on one hand, and site-blockers on the other. Moreover, they modify the double layer, exerting non-trivial effects on the reaction condition. Lastly, the current-potential relation of the FAOR can be calculated using the microkinetic theory, and then hysteresis and pH effects are examined.
According to the Bronsted-Evans-Polanyi (BEP) relation, variation in G a,i is linear with that of G i . 41 Therefore, we have G a,i for nonequilibrium states,
where G eq a,i and G eq a,−i are activation energies of step i for the forward and backward reaction at the equilibrium state, respectively, with β i being the transfer coefficient. Note that we have G eq a,i = G eq a,−i because G i = 0 at the equilibrium state. When the applied potential deviates from the equilibrium potential E eq i , the reaction Gibbs energies will shift accordingly,
where E surf = φ M − φ surf is the potential difference between the metal electrode and the reaction plane in solution, δG HCOO b , δG HCOOm , δG OH ad and δG CO ad represent variations in Gibbs free energies of HCOO b , HCOO m , OH ad and CO ad due to variations in coverages, respectively. 42 We assume that δG CO ad = 0 due to its low coverage, and for other intermediates we write down,
δG HCOOm = ξ HCOOm θ HCOOm − θ eq HCOOm , [12] δG OH ad = ξ OH ad θ OH ad − θ eq OH ad , [13] with θ HCOO b , θ HCOOm and θ OH ad being the coverages at E surf , θ eq HCOO b , θ eq HCOOm and θ eq OH ad being the coverages at E eq i , ξ HCOO b , ξ HCOOm and ξ OH ad being lateral interaction parameters. As steps 1-6 have different E eq i , θ eq X should be different for these steps. If adsorbate interaction effects are negligible, that is, ξ HCOO b = ξ HCOOm = ξ OH ad = 0, Langmuir adsorption conditions are retrieved. Otherwise, Frumkin adsorption conditions are considered in this model.
The equilibrium potential of step i at the standard state, E eq i , can be calculated using the Nernst equation,
with G 0 i being the Gibbs reaction energy at the standard state.
Kinetics.-Given the reaction mechanism, we can formulate the rate equations of elementary steps,
where 
with k 0 i = k B T /h being a prefactor, k B the Boltzmann constant and h the Planck constant.
Given the rate expressions in Eqs. 15-22, the change rates of the surface coverage of chemisorbed intermediates are given by,
dθ
θ HCOO b , θ HCOOm , θ OH ad and θ CO ad can be obtained by solving differential equations set of Eqs. 24-27. The FAOR current, j FAOR , reads,
where 6 is the total electron transfer rate of formic acid oxidation, e is the element charge and ρ is surface density of Pt atoms, and eρ = 2.41 C/m 2 is used in this model. 41 The current densities from steps 7 and 8 are neglected due to much lower magnitude.
Double layer effects.-Potential and concentration at the reaction plane are dictated by double-layer effects. As a result, obtaining φ surf and c surf H + as a function of φ M and bulk solution properties constitutes a prerequisite to solve the model. The free charge density on the metal surface, σ M , can be derived from the refined structural model of electrified interfaces developed in Refs. 37 and 38. A simplified model is used here,
where C dl is the differential capacitance of the double layer, φ pzfc is the potential of zero free charge of the metal, ε PtO is the permittivity of the space between the metal and the adsorbate layer (also termed 'oxide layer'), μ PtO is the interfacial oxide dipole moment. We assume that the thickness of the oxide layer, δ PtO , is the same for co-planar HCOO b , HCOO m , OH ad and CO ad . Then, we have, 
where R is the gas constant, F is the Faraday constant, T is the temperature, ε s is the permittivity of the electrolyte solution, λ D is Debye 
where c 0 is the total concentration of formic acid (including formic acid molecules and formate ions) in bulk solution.
Model Parameterization
In this section, the model is parameterized using voltammetric profiles of Pt(111) in 0.1M HCOOH at 298 K with different pHs: pH = 0.11 (1M HClO 4 ), pH = 0.37 (0.5M HClO 4 ), pH = 1 (0.1M HClO 4 ), pH = 1.42 (0.05M HClO 4 + 0.05M NaClO 4 ). The differential equation set of Eqs. 24-27 is numerically solved with the Runge-Kutta method. The model agrees well with the experimental data, as shown in Figure 2 . Three characteristic phenomena are observed: bell-shaped CV profiles, higher current density with increasing pH, and voltage hysteresis between the positive-and negative-going scan. These phenomena will be explained at length in the results section. Below we examine the model parameters.
The key model parameters obtained from the fitting are listed in Table I and Table II and explained one by one below. As regards formation of HCOO b from formic acid molecules, we obtain G eq a,1 = 0.35 eV, which is within the range between 0.29 and 0.49 eV at 0 V reported in previous DFT studies, 43 and E eq 1 = 0.3 V which is consistent with the fact that HCOO b starts to adsorb at ∼0.3 V. 12 As regards formation of HCOO b from formate ions, we obtain G eq a,2 = 0.65 eV and E eq 2 = 0.5 V; both values are higher than that of step 1, implying that formation of HCOO b is mainly from formic acid molecules, which is consistent with the experimental fact that the coverage of HCOO b decreases with increasing pH. 19 As regards oxidation of HCOO b , we use ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 52.11.211.149 Downloaded on 2019-11-18 to IP G eq a,3 = 1.0 eV, which closely agrees with DFT studies reporting values within the range between 1.1 − 1.2 eV at 0 V, 25, 26 and E eq 3 = 0.35 V. In terms of HCOO m formation from formic acid molecules, we have G eq a,4 = 0.66 eV and E eq 4 = 0.45 V; both are higher than that of step 5, implying that formation of HCOO m is easier from formate ions. In terms of HCOO m formation from formate ions, we have E eq 5 = 0.215 V which agrees with the fact that the oxidation current starts at ∼0.21 V. Particularly, we find that G eq a,5 shall decrease with increasing pH. G eq a,5 decreases about 0.04 eV when pH changes from 0.11 to 1.42, which may be caused by the change of interfacial properties. A previous study on oxygen reduction reaction (ORR) also found that the activation energies change as a function of pH. 34 For the HCOO m oxidation, we have G eq a,6 = 0.6 eV and E eq 6 = 0.23 V. Rich information of the OH ad adsorption at Pt(111) is available in the literature. Herein, we use G eq a,7 = 0.26 eV taken from DFT results, 40 and E eq 7 = 0.625 V which is consistent with the experiment fact that OH ad starts to adsorb at ∼0.62 V. 17 DFT calculations of CO ad oxidation at Pt(111) indicate that the activation barrier is as high as 1.4 eV at 0 V. 25 In this model, we obtain G eq a,8 = 0.9 eV at E eq 8 = 0.4 V. Without losing generality, transfer coefficients of steps 1, 2, 3, 6, 7 and 8 are equal to 0.5, namely, β 1 = β 2 = β 3 = β 6 = β 7 = β 8 = 0.5. Tafel slopes experimentally determined in the potential range between 0.2 V and 0.35 V are 81.7 mV dec −1 , 86.8 mV dec −1 , 93.2 mV dec −1 and 96.6 mV dec −1 at pH equal to 0.11, 0.37, 1.00 and 1.42, respectively, corresponding to β i = 0.28 − 0.39. To capture this effect, this model uses β 4 = β 5 = 0.35 for steps 4 and 5, since HCOO m is the main active intermediate in this potential range as it will become clear soon.
Double-layer parameters are explained here. Based on DFT calculations, ξ OH ad and ς OH ad are set as 0.1 eV and 0.04, respectively. 34 C dl is treated as a constant for a first approximation and set as 0.2 F/m 2 . 44 Potential of zero free charge of Pt(111) in 0.1 M HClO 4 has been measured by several methods and a value of 0.272 V is used here. 45 The thickness of the oxide layer, δ PtO , is taken as 0.18 nm, according to DFT calculations. 46 The permittivity of the electrolyte solution, ε s , is 78.5 ε 0 . 34 To assess the credibility of the values of these parameters obtained from the modeling fitting, the parameter sensitivity is analyzed below. In so doing, we vary the value of a specific parameter in its feasible range while other parameters are unaltered, and then simulate the polarization curve using the model. Figure 3 shows the results for twenty parameters in the reverse scan at pH = 1. Note that a greater variation in the voltammetric profile implies that the model is more sensitive to the parameter.
Among activation energies G eq a,i , the most sensitive one is G eq a,3 , corresponding to the HCOO b oxidation. The maximum current density increases by three orders when G eq a,3 changes from 1.0 eV to 0.7 eV. This high sensitivity implies that the model is able to identify G eq a,3 with high confidence. G eq a,4 and G eq a,5 corresponding to adsorption of HCOO m from formate acid molecules and formate ions, respectively, are also very sensitive. If G eq a,4 changes from 0.66 eV to 0.4 eV or G eq a,5 changes from 0.494 eV to 0.3 eV, the oxidative current density increases about 1000 times. In comparison, activation barriers of HCOO b adsorption, G eq a,1 and G eq a,2 , are less sensitive. When G eq a,1 changes from 0.35 eV to 0.6 eV or G eq a,2 changes from 0.65 eV to 0.4 eV, the maximum current density increases by around three fold only. This sensitivity difference is understandable as HCOO m is the main active intermediate. The current density peak is suppressed and shifted to more positive potentials with increasing G eq a, 6 . G eq a,7 of the OH ad adsorption causes little impact on the polarization curve.
In terms of equilibrium potentials E eq i , the most sensitive one is E eq 1 , corresponding to adsorption of HCOO b from formic acid molecules. The maximum current density increases by about 50 times when it varies from 0.3 V to 0.6 V. However, E eq 2 , corresponding to adsorption of HCOO b from formate ions, is not sensitive at all. This sensitivity difference is explicable considering that the concentration of formic acid molecules is much higher than that of formate ions in acid solutions. The decrease in E eq 3 causes an obvious increase in the current density when the potential is higher than 0.6 V. As regards HCOO m adsorption, the current density becomes greater with decreasing E eq 4 or E eq 5 . The increase in E eq 6 has slightly inhibitive effect on the activity when the potential is lower than 0.6 V. The decrease in E eq 7 , implying that the adsorption of OH ad occurs at lower potentials, suppresses the current density and shifts the peak of current to more negative potentials as a consequence of the site-blocking effect of OH ad .
For lateral interaction coefficients, ξ X , the most sensitive one is ξ HCOO b . The maximum current density increases by 6 times when ξ HCOO b changes from 0.26 eV to 1 eV. The increase in ξ OH ad causes slight decrease and obvious increase of current density when the potential is lower and higher than 0.63 V, respectively. On the contrary, ξ HCOOm is not sensitive at all due to the much lower coverage of HCOO m .
Among net charge numbers of adsorbed intermediate, ς X , the most sensitive one is ς HCOO b . The maximum current density increases by 6 times when ς HCOO b changes from 0.023 to 0. The decrease in ς OH ad shifts the peak of current to more positive potentials and slightly improves the activity when potential is higher than 0.6 V. ς HCOOm has little effect on current density.
Results
After parameterizing the model, we are fully-fledged to: (1) present a detailed mechanistic analysis on the FAOR; (2) identify the dominant reaction pathway, quantify the contribution of each pathway, and determine the rate-determining term; (3) understand how the surface charge affects the activity; (4) explore origins of hysteresis between positive and negative scan of CV; (5) examine origins of pH effects.
Mechanistic analysis on the bell-shaped CV curve.-In this sec-
tion, we present a mechanistic analysis on the basic feature that the FAOR current density first increases and then decreases as the potential increases from 0.2 to 0.8 V SHE . Figure 4a illustrates the coverages of HCOO m , HCOO b and OH ad in the negative scan at pH = 1.00. θ HCOOm increases from 0.2 V to 0.3 V due to more negative electrochemical potential of electrons, facilitating the oxidation direction of step 4, then decreases when E > 0.3 V as a result of the site-blocking effect of HCOO b and OH ad . θ HCOO b decreases from ∼0.6 V because of the competitive adsorption of OH ad . Figure 4b exhibits rate constants of each elementary step. The model also gives out the variation of σ M and the proton concentration at electrode surface, c surf H + , as a function of the potential, as shown in Figure 4c . The trend of c surf H + is opposite to σ M due to electrostatic interactions between metal surface charge and protons. Afterwards, c surf HCOO − can be determined and displayed in Figure 4d , which has the same trend with σ M .
The current density is determined mainly by k 6 * θ HCOOm , to be rationalized later, in this potential range with HCOO m being the main active intermediate. k 6 grows monotonically as the potential increases, while θ HCOOm exhibits a nonmonotonic change, as shown in Figure 4a . Therefore, the current density increases from 0.2 V to 0.3 V due to both higher θ HCOOm and k 6 , continues increasing from 0.3 V to ∼0.5 V as increase in k 6 dominates over decrease in θ HCOOm . At potentials higher than 0.5 V, the current density decreases due to a much lower θ HCOOm .
The dominant pathway and the rate determining term.-This model considers two parallel pathways, and the contribution of the HCOO m pathway to the total current in the negative-going scan is shown in Figure 5a . When the potential is lower than 0.8 V, the HCOO m pathway contributes more than 80% of the total current and is the dominant pathway in this potential range. As the potential increases beyond 0.8 V, the HCOO b pathway contributes a significant proportion mainly due to much increased k 3 , as shown in Figure 4b , in addition to a much higher coverage of HCOO b than HCOO m , as shown in Figure 4a . The dominant pathway transforms to the HCOO b pathway, contributing more than 80% of the total current, when the potential is higher than 0.9 V.
The main precursor of each pathway can be determined by comparing the net reaction rates of steps involving different precursors, as shown in Figure 5b . As for HCOO b pathway, v 1 /v 3 is shown just within the potential range from 0.6 to 0.8 V since the oxidation of HCOO b starts at ∼0.6 V. It is found that v 1 /v 3 > 1, which is due to . v 5 f and v 5b represent the forward and reverse reaction rates of step 5, respectively. v 6 is the reaction rate of step 6. The model calculation corresponds to the negative scan at pH = 1.00. desorption of HCOO b to HCOO − through step 2, that is, v 2 < 0. The fact that v 1 /v 3 is larger than 1 implies that HCOO b is formed exclusively through step 1. Therefore, the precursor of the HCOO b pathway is HCOOH rather than HCOO − . This is consistent with the fact that the coverage of HCOO b decreases with increasing pH. 19 As regards the HCOO m pathway, v 5 /v 6 is larger than 90%, implying that HCOO m is formed mainly from HCOO − through step 5, which is consistent with the experimental data that the current increases with increasing pH when pH < 4. 18, 19 The rate determining step (RDS) of the HCOO b pathway can also be determined by comparing reaction rates as shown in Figure 5c . The oxidation rate of HCOO b , v 3 , is much smaller than its adsorption rate, v 1 f , implying that the oxidation step is the RDS of the HCOO b pathway. Note that v 1 f is very large and roughly equal to v 1b , implying that the adsorption and desorption of HCOO b are at quasi-equilibrium state. For the HCOO m pathway, v 5 f and v 6 are on the same order, as shown in Figure 5d . This comparable magnitude implies that the RDS approximation for the HCOO m pathway is no longer valid, and assuming a single RDS may introduce large errors in quantitative analysis.
Surface charge effects.-To examine the effect of metal surface charge on the FAOR activity, current density of the reverse scan at pH = 1 with and without surface charge effects are compared in Figure 6a .
For the case without surface charge effects, we set σ M = 0. We can find that metal surface charge inhibits and facilitates the FAOR activity when the potential is lower and higher than 0.6 V, respectively. A similar trend is observed for HCOO m , the main active intermediate. Metal surface charge suppresses the formation of HCOO m , when potential is lower than 0.6 V, and promotes it when potential is higher than 0.6 V, as shown in Figure 6b .
The origins of metal surface charge effects can be glimpsed by examining the surface reaction condition shown in Figures 4c and 4d . σ M shifts from negative to positive values at 0.6 V. Consequently, we have c surf H + > c bulk H + and c surf H + < c bulk H + when potential is lower and higher than 0.6V, respectively. The trend of c surf HCOO − is always opposite to that of c surf H + due to the dissociation equilibrium of formic acid. This implies that c surf HCOO − < c bulk HCOO − and c surf HCOO − > c bulk HCOO − when potential is lower and higher than 0.6V, respectively. As mentioned before, HCOO − is the main precursor of HCOO m pathway, it is therefore unsurprising that the trend of θ HCOOm always follows that of c surf HCOO − , so does the current density since HCOO m is the main active intermediate of FAOR. Also of note, metal surface charge shifts the current peak to a more positive potential in Figure 6a . This is because that the suppressing effect exerted by a negative σ M becomes weaker in the potential range, 0.3 V < E <0.6 V, as the magnitude of σ M decreases with increasing potential. Voltage hysteresis.-In CV profiles at polycrystalline electrodes, CO ad is important to comprehend the current difference between positive and negative-going scan. 12 However, at Pt(111), the fact that the current density of the forward scan is smaller than that of the reverse scan is oft-ignored, and only data in the negative scan are subjected to analysis. 23, 24 The origin of this hysteresis at Pt (111) is still an open question. The adsorption and desorption of HCOO b and OH ad are very fast and under quasi-equilibrium state, as shown Figure 5c . Therefore, the voltage hysteresis is unlikely caused by hysteresis in coverages of HCOO b and OH ad . Herein, we postulate that CO ad formed on defects is the origin. CO ad oxidizes on the positive scan and there remains no CO ad on the negative scan.
Using an initial coverage of 0.04 for CO ad , the model can well reproduce the voltage hysteresis at pH = 1.00, as shown in Figure 7a .
The case of θ 0 CO ad = 0 corresponds to the negative scan. As θ 0 CO ad increases from 0 to 0.04, the maximum current density decreases by an amount of 0.7 mA cm −2 , approximately 20% of the current density for the case of θ CO ad = 0. CO ad has two effects on the FAOR, namely the site-blocking effect and surface charge effect, which are distinguished below. In so doing, we compare the polarization curve for the case where the siteblocking effect of CO ad is neglected while the surface charge effect is retained and the polarization curve for the case where both effects are considered, as shown Figure 7b . In the former case, the coverage of free sites is given by θ 0 = 1 − 2θ HCOO b − θ HCOOm − θ OH ad . It is seen that the current density increases by only ca. 0.1 mA cm −2 when the site-blocking effect of CO ad is ignored, which is much smaller than the total voltage hysteresis of 0.7 mA cm −2 . This comparison implies that the site-blocking effect of CO ad is minor. We then turn our attention to the effect of CO ad on the metal surface charge, as shown in Figure 7c . σ M becomes more negative when the θ 0 CO ad increases from 0 to 0.04. As discussed before, a negative σ M will inhibit the formation of HCOO m , as illustrated in Figure 7d , and decrease the current density. pH effects.- Figure 2 shows that the FAOR activity increases as pH increases from 0.11 to 1.42; this pH-dependent activity is expounded in this section. As shown in Figure 8a , θ HCOO b increases with pH when the potential is smaller than 0.6 V. As θ HCOO b mainly comes from step 1 with HCOOH as the precursor, the positive pH dependence of θ HCOO b is caused by lower proton concentration at high pH as v 1b becomes smaller. On the contrary, θ HCOO b decreases with pH when potential is higher than 0.6 V due to the site-blocking effect of OH ad , as shown in Figure 8b . The main active intermediate, HCOO m , possesses a higher coverage at high pH due to higher concentration of HCOO − in solution bulk, which is the main precursor of HCOO m , as shown in Figure 8c . Conscious readers may wonder that more negative σ M at high pH shall intend to increase c surf H + . However, we shall note that decrease in c bulk H + dominates over surface charge effects, resulting in an overall decrease in c surf H + at high pHs. pH effect on the surface charging relation, viz. σ M ∼ E , is shown in Figure 8d . At a given potential with respect to the SHE scale, σ M becomes more negative with increasing pH. As discussed before, negative surface charge on the metal suppresses the FAOR activity. Therefore, more negative σ M at higher pH exerts stronger inhibitive effect on the current density. Combined, the higher current density as the pH increases from 0.11 to 1.42 is the result of two opposing factors:
higher concentration of HCOO − in bulk solution and stronger double layer effects that suppress HCOO m formation.
Discussion
Rate determining term.-The RDS treatment has been deeply ingrained in many researchers in this field. 12, 18, 24 Albeit being simple and straightforward, we warn that the RDS treatment may be misleading in some cases for complex electrochemical reactions. For example, when dissecting oxygen reduction reactions (ORR) at Pt, Huang et al. found that the ORR rate is controlled by a rate-determining term in which several elementary steps are intertwined. 34 Particularly, the rate determining term is potential-dependent, leading to multiple Tafel slopes and a volcano-shaped activity relation. 34 As regards the FAOR, we have shown that the HCOO m pathway in FAOR involves several elementary steps of which the reaction rates are of the same magnitude, throwing doubt on the simple RDS treatment.
Single pathway approximation.-Complex electrocatalytic reactions usually proceed via multiple reaction pathways. For the sake of simplicity, it is thus tempting to assume a main pathway. In this vein, the total current density is approximated by the current density contributed by the main pathway. This single-pathway approximation is prevailing in the field of FAOR research, for example, in simulating polarization curves 23, 24 and interpreting infrared spectrum. [11] [12] [13] [14] However, as discussed in Figure 5a in The dominant pathway and the rate determining term section, the dominant pathway is potentialdependent, and multiple pathways may be commensurate with each other in certain potential range, thus defying the single-pathway approximation. Multifaceted roles of intermediates.-It comes to our notice that one-sidedness prevails in treating the role of reaction intermediates played in electrocatalytic reactions; they are either viewed as reactants or site-blockers. [11] [12] [13] [14] [15] 18, 19 For example, the argument that HCOO b is the active intermediate for the FAOR is based on the observation that the oxidation current varies as a function of the electrode potential in a similar way as θ HCOO b does. On the contrary, OH ad is often viewed as site-blockers for the ORR, and a great momentum of activities strive to weakening OH ad binding on catalyst surface. 33, 47 However, it has been criticized that some ORR catalysts with a higher OH ad coverage have very high activity, contradicting the site-blocking view aforementioned. 48, 49 In this modeling framework, chemisorbed intermediates play multiple roles: they are reactants with lateral interactions in some elementary steps, site-blockers in other elementary steps, and importantly, structure modifiers of the interphase, exerting non-trivial effects on the reaction condition and then on the activity. Specifically, adsorbed intermediates, with a net charge, lead to surface dipole moments according to Eq. 30, modifying surface charging relation and the reaction condition. A similar perspective has been presented for the ORR. 34 We emphasize that an integrated view of multifaceted roles of intermediates played in electrocatalytic reactions is a sheer need. To achieve this goal, microkinetic modelling seems to be necessary.
Implications for experimentation.-The double layer effects can be adjusted by changing the ionic strength of the electrolytic solution. As a result, it would be interesting to examine how the FAOR activity vary as a function of the ionic strength. This information may be used by experimentalists to further prove/disprove the model developed here. Figure 9 examines the effect of ionic strength on the current density in the reverse scan at pH = 1.00. As the ionic strength increases, the current density grows. This is because that the suppressing effect of negative σ M , discussed in Surface charge effects section, is diminished with the increasing ionic strength.
Conclusions
This article presents a hierarchical model for deciphering the FAOR at Pt(111). The model hierarchy consists of DFT used to determine the reaction mechanism, a mean-field model for the double layer, and a microkinetic description of the multiple elementary steps. This model provides a unifying treatment of the multistep nature of complex electrocatalytic reactions, including the competition between multi-ple parallel pathways and between the main and parasitic reactions, the potential-and pH-dependent thermodynamics and kinetics, and surface charge effects.
A dissection of the FAOR mechanism shows that two pathways are in parallel, that HCOO m is the main active intermediate with HCOO − as the main precursor, that HCOO b is the site-blocker with HCOOH as the precursor. The main pathway transforms from the HCOO m pathway to the HCOO b pathway when the potential is higher than 0.9 V. It has shown that CO ad on defect sites induces the voltage hysteresis between the positive and negative-going scan in CV through modifying surface charging relation (the main effect) and blocking adsorption sites (the minor effect). It is also found that the higher current density as the pH increases from 0.11 to 1.42 is the result of two opposing factors: higher concentration of HCOO − in bulk solution and stronger double layer effects that suppress HCOO m formation.
This work also challenges some prevailing thoughts in electrocatalysis. We have shown that the RDS treatment and the single main pathway approximation may be misleading in some cases for complex electrochemical reactions. A key message delivered here is that consideration of double-layer effects and an integrated view of multifaceted roles of reaction intermediates are a sheer necessity in electrocatalysis. In this vein, DFT-supported microkinetic models considering double layer effects are instrumental. The methodology developed here can be used to investigate other important electrocatalytic reactions, such as ORR, oxygen evolution reaction, carbon dioxygen reduction, etc.
